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ABSTRACT
Greenhouse gas emissions, particularly CO2 [carbon dioxide] has led to
various climate-related phenomena, such as rising global temperatures,
changing weather patterns, and increases in ocean acidity. With this in mind,
polymer membranes utilizing functionalized vinyl-added polynorbornenes have
been synthesized and tested for gas separation performance in order to evaluate
their efficacy as a CO2 capture method. Through the inclusion of pendant groups
known to interact favorably with CO2 onto vinyl-added polynorbornenes, the gas
separation performance of their resultant films was studied in a fundamental,
systematic manner. It was observed that subtle changes in the polymer structure,
such as the connectivity of its side chains, can have enormous impacts on the
separation performance. Additionally, other avenues were used to improve the
characteristics of functionalized vinyl-added polynorbornenes, particularly those
bearing alkoxysilane pendant groups. In this vein, mechanical reinforcement was
sought by incorporating cellulose nanocrystals in order to produce composite
materials. Through extensive mechanical testing, it was found that high cellulose
nanocrystal content in the polymer matrix did indeed reinforce the material while
simultaneously being well-dispersed, as evidenced by increases in the storage
and Young’s modulus.
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CHAPTER 1
Introduction to Gas Separation Membranes
1.1 Introduction to Carbon Dioxide Emissions
As carbon dioxide (CO2) levels in the Earth’s atmosphere increase, ocean
acidity also increases, as demonstrated in the Mauna Loa report in Figure 1.1.
Increases in atmospheric CO2 can also lead to rising global temperatures, known
as the greenhouse effect. Though it is uncertain how many of these physical
phenomena can be directly attributed to anthropogenic causes, the fact remains
that CO2 accounted for 82% of total domestic greenhouse gas emissions, per 2015
data from the U.S. Environmental Protection Agency (EPA).3 This number can be
attributed to a variety of sources, such as transportation and electrical energy
generation, which account for more than half of all CO2 emissions. For instance,
though approximately 1800 million metric tons of CO2 is released annually at the
domestic level, 70% of that number can be attributed to the coal industry alone. 3-5
Due to this, efforts must be dedicated to mediating the CO2 emissions generated
from coal-fired power plants.

Figure 1.1. Atmospheric CO2 concentration plotted against ocean CO2
concentration and pH, measured at the Mauna Loa volcano and Station Aloha,
respectively.2
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1.2 Current Carbon Capture and Sequestration Technologies
Of the CCS technologies currently utilized industrially, cryogenic distillation
and amine sorption systems are perhaps the most widely known. Cryogenic
distillation involves cooling large volumes of gas to separate CO2 from other postcombustion gases. Through a series of compression, cooling, and separation
steps, liquid CO2 can be isolated from other gases and sequestered accordingly.
This process is both expensive and lengthy due to the necessity of reaching 56.6 °C, CO2’s melting point.6 Amine sorption systems are also utilized, but like
distillation, possess severe drawbacks. This process also requires immense
amounts of energy to operate, as CO2 must be separated from the bound state to
regenerate the amine species. Oxygen present in post-combustion streams can
also degrade the amines used, which can lead to long-term efficiency concerns.7
Any potential carbon-capture technologies must not negatively impact the
performance of the plant and new systems should ideally be backwards
compatible so that they may be easily integrated into existing equipment.
Technology must also be inexpensive and scalable if successful replacement of
current methods is to be accomplished. With this goal in mind, gas separation
membranes offer a potential alternative to cryogenic distillation or amine sorption,
as dense organic membranes are a passive system whose intrinsic properties
can be used to preferentially separate gases from flue streams with less
intensive energy needs than currently utilized techniques. Their ease of
fabrication with inexpensive materials offer versatility and scalability, as they can
be produced in a variety of sizes without major alteration of the fabrication
process.
1.3 Evaluation of Gas Separation Performance
Gas separation membrane behavior in dense organic membranes is illustrated
by the solution-diffusion model,8-9 which is composed of several well-defined
equations. In the case of pure gas systems, membranes are evaluated by two main
2

parameters: permeance and selectivity. Permeance is defined as the speed at
which a membrane transports a gas. However, to make comparisons between
various membranes and different film fabrication conditions, such as surface area
and thickness, the permeance of penetrant gases is often normalized by their film
thickness and expressed as permeability. The permeability calculation is shown in
Eqn. 1, where P = permeability, l = film thickness, Q = gas flux, A = membrane
surface area, and Δp = pressure differential across the membrane.

𝑃=

𝑄∙𝑙
𝐴∆𝑝

(1)

Furthermore, permeability can also be expressed as the product of two additional
parameters, the diffusivity (D) and solubility (S) coefficients, illustrated in Eqn. 2.

𝑃 =𝐷∙𝑆

(2)

Diffusivity describes the passage of gas molecules through a membrane due to
normal thermal motions. This is also known as the size-sieving component of
membranes, where gas molecules of different kinetic diameters, or different
spheres of influence, are separated as a function of their size. Solubility describes
the intermolecular interactions of penetrant gases with the polymer, as well as the
compressibility of gasses in the membrane. In the case of glassy polymers, this is
be illustrated as a combination of Henry’s law, or traditional gas solubility within
the membrane, and Langmuir diffusion, which allows gas molecules to occupy
microvoids within the polymer components. This can be seen in Eqn. 3, where the
first term corresponds to Henry’s Law and the second to Langmuir diffusion. This
dual description is necessary due to glassy polymers being in a non-equilibrium
state which can lead to limited segmental chain mobility. These “frozen” chains
create excess free volume elements which gas molecules can occupy. At low
pressures, gas molecules populate these volume elements, leading to appearance
3

of the Langmuir component. At higher pressures, these microvoids become filled
and traditional Henry’s law sorption dominates. The other component considered
in the solution-diffusion model is selectivity, which refers to the permeability of one
gas in relation to another. Eqn. 4 expresses this as a ratio of the faster permeating
species over the slower.

𝑆 = 𝑘𝑑 +

𝛼𝐴/𝐵 =

𝐶𝐻′ 𝑏
1 + 𝑏𝑝

𝑃𝐴 𝐷𝐴 𝑆𝐴
=
∙
𝑃𝐵 𝐷𝐵 𝑆𝐵

(3)

(4)

To accommodate the high flux of post-combustion flue gas streams,
membranes must be highly permeable. Due to efficiency and cost requirements,
they must also be highly selective. However, there exists a trade-off between
permeability and selectivity when altering the components of polymer membranes.
This is typically illustrated on so-called Robeson plots, in which the log-log
relationship of permeability versus selectivity for specific gas pairs are plotted
(Figure 1.2).1 Typically, as the permeability of a polymer increases, a concomitant
decrease in selectivity is observed, and vice versa.1, 10 Due to this phenomenon, a
linear “upper bound” is observed, which serves as a qualitative indicator of the
state of current gas separation membrane technology. As the Long Group is
interested in the separation of CO2 from flue gas streams, the upper bound of the
CO2/N2 gas pair is of the greatest interest to us, as nitrogen is the most abundant
component in such systems. For this gas pair, as well as other light gases, glassy
polymers typically populate the upper bound. Such polymers traditionally operate
under diffusivity control, where performance is based on differences in the kinetic
diameter of the gas pair.9 The larger the difference in kinetic diameter, the greater
the selectivity. Despite CO2/N2 separations being the standard gas pairing in the
Long lab, there is increasing interest in CO2/CH4 and other hydrocarbon
4

Figure 1.2. Robeson selectivity vs. permeability plots for CO2/N2 and CO2/CH4
gas pairs.1

separations, as natural gas sweetening is another commercially important
application for gas separation membranes.

In the case of hydrocarbon

separations, polymer films that permeate heavier species, such as butane, more
quickly than lighter species are preferred. This behavior is known as reverse
selectivity.11 While rubbery polymers make up the majority of this class of
membranes, glassy polymers with high fractional free volume (FFV) domains, such
as polymers of intrinsic microporosity (PIMs), may also demonstrate this behavior
in rare cases.12 This is due to the rigidity of the backbones hindering the ability of
the polymer chains to pack, leading to poor size sieving.13
1.4 Limitations of Current Dense Organic Polymer Membrane Technology
Gas separation membranes are not without their drawbacks, however.
Membrane systems often require the use of vacuums and compressors to
generate pressure differentials which aid in gas transport but add to energy and
space requirements. They are also subject to rigorous chemical and mechanical
requirements, as they must be robust enough to withstand high flux gas streams
while also being inert to the components in such streams. As most polymer
5

membranes do not possess self-healing characteristics, mechanical failure can
leave them unusable. Despite these challenges, many materials have been
thoroughly characterized and have sufficient mechanical strength and separation
ability to be suitable candidates for industrial gas separations. The simplicity of
design, modest maintenance costs, and significantly smaller energy footprint
make membranes an overall attractive alternative to current CO2-capture
methods.
Further complications to the application of membranes for post-combustion
flue gas separations include the aforementioned permeability-selectivity trade-off.
In order for membrane science to progress to wide industrial incorporation,
investigations into the how to subvert the Robeson Upper Bound must be
conducted.
1.5 Conclusions
CO2 emissions and their management have been of chief importance both at
the industrial and academic scale, and many technologies are currently being
explored for CCS purposes. Of these technologies, membrane technology is a
low-cost, low-energy alternative to more intensive techniques such as amine
sorption and cryogenic distillation. However, membranes are not without their
drawbacks, as most dense organic polymeric films are glassy materials are
bound by the permeability-selectivity trade-off illustrated by the Robeson Upper
Bound.
For the field of polymeric gas separations to progress, fundamental research
must be conducted in order to better understand the structure-property
relationship of polymer films. In this manner, the underlying science can be
applied in order to more intelligently design films to carry out gas separations in a
more industrially applicable manner. In the case of the Long Research Group, we
seek to improve this lack of fundamental science by studying perturbations of
polymer membrane systems and their subsequent gas separation performance.
6

CHAPTER 2
CO2/N2 Separation Performance of Functionalized Vinyl-Added
Polynorbornenes
2.1 Introduction and Motivation
It has been thoroughly documented in literature that the permeabilityselectivity trade-off exists for most dense organic membranes. This is due to the
inherent diffusivity control of most glassy polymers. The diffusivity component on
permeability acts similarly to a molecular sieve, their utility is dependent upon a
large difference in kinetic diameter between permeant gases. Since the kinetic
diameters of CO2 and N2 are similar, this makes diffusivity-based separations
extremely challenging. However, recent research has discovered that there
exists a class of glassy polymers that possess a significant solubility component
of permeability and subsequently operate based on preferential interactions with
CO2.14 With this as motivation, we sought to probe the effects of modulating the
substituents of a common polymer backbone on the gas separation performance
of their resultant films. CO2-interaction energies with specific molecules have
been calculated.15-16 Using these interaction energies as a means to select
substituents, we sought to synthesize several polynorbornene (PNB) derivatives
bearing CO2-philic moieties. This study also serves to fill a hole in the literature,
as there currently are no fundamental investigations of this type that employ a
common polymer backbone. This study seeks to accomplish such a task by
studying the CO2/N2 separation performance of substituted vinyl-added
polynorbornenes.

2.2 Introduction to Vinyl-Addition (VA) Polymerization of Norbornene
In the scope of dense organic membranes, polynorbornenes (PNBs) are
particularly useful due to their advantageous gas separation properties.
Norbornene, like styrene, is a versatile monomer that can be polymerized through
a variety of mechanisms, such as cationic, radical, ring-opening metathesis
7

(ROMP), and vinyl addition (VA) polymerization. PNBs are also, as a material,
useful due to their good mechanical strength, optical transparency, high glass
transition temperature,17 and ability to form thin membranes when polymerized in
specific manners.
In the case of cationic polymerization, the specific mechanism was hotly
contested until spectroscopy conducted by George Olah in the early 1970s gave
experimental evidence for the non-classical carbocation first proposed by Samuel
Winstein in 1949.18 When the norbornene is initiated with a Lewis acid such as
AlEtCl2, the subsequent rearrangement of the carbocation gives way to the 2,7
linkages observed in the polymer backbone. Though the repeat unit contains the
bicyclic structure that lends the material rigidity, this mechanism is limited in use
due to the inability to reach high molecular weights. Thus far, only low molecular
weight oligomers with poor film-forming capabilities have been synthesized.19-20
ROMP catalysts used to synthesize PNBs are more tolerant to a wide range
of functionalities and living conditions that facilitate the synthesis of advanced
architectures can be easily accessed.21-22 However, the residual alkenes allow for
rotation of the polymer backbone, which results in a lower Tg polymer and a poorer
film. These residual alkenes also render the polymer oxidatively unstable, which is
a poor characteristic for films needed for post-combustion flue gas separation, as
oxygen present can cause degradation. Vinyl addition (Figure 2.1), in contrast,
allows for the synthesis of high molecular weight polynorbornenes with high T g’s
that are mechanically and oxidatively robust.10 Until recently, however, accessing
a variety of polar-functionalized VA-PNBs proved difficult due the chelation of
these polar functionalities with the cationic metal center of commonly used VA
catalysts. The use of a VA catalyst that propagates via a neutral nickel active site
has recently enabled the Long Group to gain access to a variety of PNBs bearing
polar functionalities using vinyl addition polymerization methods.23-24

8

Figure 2.1. Vinyl-addition polymerization of norbornene using neutral nickel
catalyst.11

9

2.3 Monomer Synthesis and Polymerization
2.3a General Methods and Materials
The catalysts trans-[Ni(C6F5)2(SbPh3)2] was synthesized according to
literature procedure.24 Dry and degassed DCM was used for all polymerizations,
which were conducted in a glovebox under air-free conditions. All reagents and
solvents were purchased from Acros Organics, Fisher Scientific, Gelest, or
Sigma Aldrich. NMR analysis was done using either a Varian Mercury Vx 300
MHz or Varian 500 MHz and referenced to chloroform.

Scheme 2.1. Synthesis of P1-P3.
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2.3b Synthesis of M1
To a pressure tube equipped with a magnetic stir bar was added 3-(2methoxyethoxy)prop-1-ene (16 g, 137.7 mmol), dicyclopentadiene (8.28 g, 62.6
mmol), and hydroquinone (0.010g, catalytic). The pressure tube was sealed and
heated to 180 °C overnight. The mixture was cooled and the crude monomer was
purified via successive distillations under reduced pressure (100 mTorr, 120 °C)
to yield 9.58 g of monomer M1 (42% yield). 1H NMR (CDCl3, 293 K): δ (ppm) =
6.11 (1H, dd), 5.93 (1H, dd), 3.53 (1H, s), 3.52 (1H, s), 3.38 (3H, s), 3.18 (1H,
dd), 3.08 (1H, t), 2.91 (1H, br), 2.76 (1H, br), 1.80 (1H, m), 1.40 (1H, m), 1.30
(1H, s), 1.22 (1H, d), 0.48 (1H, d). 13C NMR (CDCl3, 293 K): δ (ppm) = 137 (s),
132 (s), 75 (s), 72 (s), 70 (s), 59 (s), 49 (s), 44 (s), 42 (s), 39 (s), 29 (s).

2.3c Synthesis of M2
To a pressure tube equipped with a magnetic stir bar was added allyl glycidyl
ether (10.0 g, 88 mmol), dicyclopentadiene (5.82 g, 44 mmol), and hydroquinone
(0.0015 g, catalytic). The pressure tube was sealed and heated to 180 °C
overnight. The mixture was cooled and the crude monomer was purified via
successive distillations under reduced pressure (500 mTorr, 60-62 °C) to yield
6.82 g of monomer M2 (43% yield). 1H NMR (CDCl3, 293 K): δ (ppm) = 6.09 (1H,
dd), 5.91 (1H, dd), 3.65 (1H, m), 3.33 (1H, m), 3.10 (2H, m), 2.89 (1H, s), 2.77
(2H, m), 2.57 (1H, q), 2.33 (1H, br), 1.79 (1H, m), 1.40 (1H, m), 1.29 (1H, m),
1.22 (1H, d). 13C NMR (CDCl3, 293 K): δ (ppm) = 137 (s), 132 (s), 75 (s), 72 (s),
51 (s), 49 (s), 44.3 (s), 43.9 (s), 42 (s), 39 (s), 29 (s)

2.3d Synthesis of M3
A modified literature procedure was used,25 where to a pressure tube equipped
with a magnetic stir bar was added dicyclopentadiene (8.195 g, 61.99 mmol),
allyl bromide (15 g, 123.98 mmol), and hydroquinone (0.010 g, catalytic). The
pressure tube was then sealed and heated to 180 °C for 15 hours. The crude
monomer was purified via successive distillations under reduced pressure (4 torr,
11

84 °C) to yield 8.059 g of monomer M3 (35% yield). 1H NMR (CDCl3, 293 K, endo
isomer): δ (ppm) = 6.21 (1H, dd), 6.00 (1H, dd), 3.29 (1H, dd), 3.09 (1H, t), 3.00
(1H, s), 2.88 (1H, s), 2.58-2.47 (1H, m), 1.95 (1H, m), 1.50 (1H, m), 1.31 (1H, m),
0.60 (1H, m). 13C NMR (CDCl3, 293 K): δ (ppm) = 138 (s), 131 (s), 50 (s), 45 (s),
43 (s), 42 (s), 38 (s), 33 (s).
2.3e Synthesis of P1
In a glass vial equipped with a magnetic stir bar, M1 (1.0g, 5.49 mmol) and
norbornene (0.275 g, 2.95 mmol) were combined with 0.006 g (5.6 μmol) catalyst
in a total of 8 mL dichloromethane for 24 h. Polymer was then precipitated into
excess hexane, isolated via vacuum filtration, and dried in vacuo to yield 0.7275
g (57% yield) of polymer P1. 1H NMR (CDCl3, 293 K): δ (ppm) = 3.76-3.42 (br),
3.41-3.03 (br), 2.66-0.38 (br).

2.3f Synthesis of P2
In a glass vial equipped with a magnetic stir bar, M2 (1.0 g, 5.51 mmol) and
norbornene (0.1732 g, 1.82 mmol) were stirred with 0.0054 g (4.9 μmol) catalyst
in a total of 8 mL dichloromethane for 24 h. Polymer was then precipitated into
excess hexane, isolated via vacuum filtration, and dried in vacuo to yield 0.586 g
(50% yield) of polymer P2. 1H NMR (CDCl3, 293 K): δ (ppm) = 3.79-3.57 (br),
3.57-3.20 (br), 3.19-3.03 (br), 2.85-2.71 (br), 2.69-2.51 (br), 2.47-0.65 (br).

2.3g Synthesis of P3
In a glass vial equipped with a magnetic stir bar, 10 mmol of total monomer
(75:25 ratio of M3:NB) and 6.7 μmol catalyst were stirred in 4 mL
dichloromethane for 24 h. Polymer was then precipitated into excess MeOH,
isolated via vacuum filtration, and dried in vacuo to yield 0.7943 g (48% yield) of
polymer P3. 1H NMR (CDCl3, 293 K): δ (ppm) = 3.4 (2H, br), 2.78-0.46 (18H, br).
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2.4 Post-Polymerization Modification
Additional PNB derivatives can be obtained through post-polymerization
modification (Scheme 2.2), as the catalyst used to perform VA polymerizations
has proven intolerant to groups such as nitriles due to deactivation of the Ni
center.25-26 Post-polymerization modification offers an additional benefit of
retaining molecular weight and dispersity throughout chemical transformations.
Simple chemistry, such as SN2 reactions, was utilized to synthesize the
desired PNBs to high conversions. Synthetic inspiration was taken from
previously published literature,25 which included preparations for a library of
modified PNBs using a brominated starting material.

Scheme 2.2. Synthesis of P4-P7
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2.4a Synthesis of P4
In a glass vial equipped with a magnetic stir bar, benzimidazole (0.4194 g, 3.55
mmol) and KOH (0.2729 g, 4.86 mmol) were refluxed in water (2 mL) overnight.
Water was removed in vacuo before solution of P3 (0.1 g, 0.71 mmol) in 2 mL THF
was added. Slurry was refluxed 48 h before being precipitated into excess MeOH.
Product was isolated via vacuum filtration and dried in vacuo to yield 0.0826 g of
polymer P4 (57% yield). 1H NMR (CDCl3, 293 K): δ (ppm) = 8.01-7.71 (br), 7.707.61 (br), 7.48-7.26 (br), 5.01-4.46 (br), 3.65-2.98 (br), 2.85-0.21 (br).

2.4b Synthesis of P5
In a glass vial equipped with a magnetic stir bar, imidazole (0.242 g, 3.55 mmol)
and KOH (0.2094 g, 3.73 mmol) were refluxed 4 h in water (2 mL). Water was
removed in vacuo before solution of P3 (0.20 g, 1.42 mequiv Br) in 2 mL THF was
added. Slurry was refluxed 48 h and before being precipitated into excess MeOH.
Product was isolated via vacuum filtration and dried in vacuo to yield 0.1487 g of
polymer P5 (78% yield). 1H NMR (CDCl3, 293 K): δ (ppm) = 7.54-7.39 (br), 7.187.00 (br), 6.98-6.85 (br), 4.97-4.40 (br), 2.82-0.34 (br).

2.4c Synthesis of P6
A modified literature procedure was used,25 where a to a 50 mL round-bottom flask
equipped with magnetic stir bar and reflux condenser was added a solution of
tetrabutylammonium cyanide (1.1437 g, 4.26 mmol) in THF (52.6 mL) along with 1
g P3 (3.56 mequiv Br). The resultant solution was refluxed 9 h before excess
MeOH was added to precipitate polymer. Product was isolated via vacuum filtration
and dried in vacuo to yield 0.5552 g of polymer P6 (69% yield). 1H NMR (CDCl3,
293 K): δ (ppm) = 2.71-0.46 (br).

2.4d Synthesis of P7
To a 50 mL round-bottom flask equipped with a magnetic stir bar and reflux
condenser was added P6 (0.4668 g, 2.05 mequiv CN) in THF (31 mL).
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Hydroxylamine solution (2.71 g, 41 mmol) was added dropwise to the solution.
Mixture was refluxed for 20 h before being precipitated into excess MeOH.
Resultant polymer was isolated via vacuum filtration and dried in vacuo to yield
polymer P7.

2.5 Membrane Fabrication
P1-P6 membranes were solution cast from 5 wt. % solutions in CHCl3.
After dissolving 0.5 g of the desired polymer in a vial equipped with a magnetic
stir bar, the solution was then deposited onto a glass support via a syringe
equipped with a 0.45 µm PTFE filter. After deposition, the solution was covered
with aluminum foil to slow evaporation and prevent contact with airborne debris.
After approximately 24 h, polymer films were removed from the glass dish. P7
membranes were solution cast from 3 wt. % solutions in DMAc. After dissolving
0.4880 g polymer was dissolved in 16 mL DMAc in a glass vial equipped with a
magnetic stir bar, the solution was then filtered using a 0.45 μm PTFE syringe
filter and cast onto a PTFE dish approximately 2 inches in diameter. The solution
was dried in a vacuum oven for 24 h at room temperature to ensure solvent
removal.

2.6 Membrane Permeation Testing
Permeability measurements were conducted using a custom-built constantvolume variable-pressure gas flux permeation instrument. Permeability was
calculated according to the Springer Handbook, illustrated in Eqn 4. Downstream
volume (Vd) was determined using Burnett expansions with Helium gas. Upstream
pressure (Pu) was calculated as an average for the extent of the steady state
permeation. Film thicknesses (l) were between 100-180 μm. Film surface area was
calculated using ImageJ software. R = 0.278 [cm∙Hg∙cm 3]/[cm3(STP)∙K].
Temperature directly outside of the sample cell was recorded over steady-state
permeation and was then averaged to give T. Leak rates of the permeation
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instrument were lower than 15% of the total N2 flux. Ideal selectivity was calculated
as a ratio of P(CO2/N2).

𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

𝑉𝑑 𝑙
𝑑𝑃𝑑
𝑑𝑃𝑑
[(
) − (
)
]
𝑃𝑢 𝐴𝑅𝑇 𝑑𝑡 𝑠𝑠
𝑑𝑡 𝑙𝑒𝑎𝑘
𝑙2
𝐷=
6𝜃

(4)

(5)

2.7 Results and Discussion
Monomers M1-M3 were synthesized utilizing Diels-Alder chemistry and
purified with subsequent distillations to reach sufficient purity (>95%). Monomers
were then degassed and stored in a glove box under N2 atmosphere before use
in polymerizations. The neutral nickel catalyst trans-[Ni(C6F5)2(SbPh3)2] was used
to polymerize all species, as it has a well-established history of polymerizing
norbornene derivatives in a vinyl-addition fashion.14, 24
Copolymers were utilized for this study due to the poor mechanical
properties derived from the low molecular weight of homopolymers with the
trans-[Ni(C6F5)2(SbPh3)2] catalyst. Unsubstituted norbornene was selected as a
comonomer for these materials due to its tendency to polymerize to high
molecular weight with this catalyst. With a typical feed ratio of 3:1 (substituted to
unsubstituted monomer), the incorporation ratio was approximately 1:1 in most
cases. In this fashion, M1-M3 were polymerized to yield P1-P3 (Table 2.1).
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Table 2.1. Synthetic data for P1-P7.
Polymer
P1
P2
P3
P4
P5
P6
P7
anot

Mn
(kg/mol)
199
185
110
-a
-a
155
-a

Ɖ
6.91
3.45
1.63
-a
-a
2.41
-a

Substituted
Comonomer %b
51
58
53
24
53
53
-a

Densityc
0.996 (±0.0013)
0.996 (±0.0005)
1.31 (±0.01)
0.997 (±0.0004)
0.997 (±0.0001)
1.17 (±0.01)
0.996 (±0.0007)

determined due to insolubility in THF. bdetermined via 1H-NMR. cmeasured with density kit using

Archimedes’ Principle with water as the chosen auxiliary liquid.

Despite the ease of synthesis for P1-P3, significant obstacles were
encountered when attempting to access particular functionalized VA-PNBs, such
as those with pendant amidoxime groups. Due to the catalyst’s reported
intolerance to groups such as nitriles,25-26 post-polymerization modification was
utilized to synthesize some VA-PNB derivatives. Post-polymerization was also a
means to synthesize VA-PNBs bearing imidazole-type substituents in a facile
manner, as monomer synthesis proved challenging. These reactions were made
easier with a brominated VA-PNB (P3) that could be easily exchanged with other
functionalities through SN2 chemistry.25 An additional advantage of postpolymerization modification was the preservation of the degree of polymerization,
allowing for easier comparison between film performance. This allowed for the
synthesis of several additional VA-PNB derivatives (P4-P7), shown in Scheme
2.2.
Table 2.1 shows additional data related to P1-P7. In cases where
molecular weight and dispersity could be obtained due to solubility in THF,
polymers showed reasonably high molecular weight and dispersity
measurements between 1.6 and 6.9. WAXS confirmed the amorphous nature of
all polymers (See Appendix). Film density calculations using Archimedes’
Principle yielded results of approximately 1 g/cm3 for all polymers save for P3
and P6, which were slightly higher. This is consistent with expectation, as both
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P3 and P6 contained smaller functional groups than other polymers included in
the study, potentially leading to an increase in chain packing and, subsequently,
an increase in film density.
As resultant film behavior is heavily dependent on the incorporation of
intended functional groups on the backbone, percent comonomer incorporation
and percent conversion were determined via 1H-NMR. However, due to apparent
crosslinking and subsequent insolubility in common solvents, conversion of P7
was unable to be determined with 1H-NMR. Other efforts to quantify amidoxime
content of P7 were met with difficulties, as different conformations adopted by the
amidoxime group can render elemental analysis inaccurate. Therefore, only the
qualitative presence of the amidoxime group can be determined with FTIR
spectroscopy (See Appendix).
Films were solution-cast from chloroform and tested in triplicate for CO2/N2
gas transport using in-house permeation instruments. Utilizing Eqn. 4, the
permeability for all polymer films was calculated for both gases of interest.
Measurements were plotted on a Robeson plot with error (Figure 2.2).
Permeation data with error can also be seen in Table 2.2. It should be noted that
the permeation results of VA-PNB films synthesized through post-polymerization
modification exhibited greater error than their directly synthesized counterparts.
This is likely due to inherent variability in conversion, which could affect
interactions with CO2, chain packing, and other properties that govern
permeability and selectivity.
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Figure 2.2. Robeson plot of P1-P7.

Table 2.2. Permeation data for P1-P7.
Polymer
P1
P2
P3
P4
P5
P6
P7

PN2 (Barrer)
2.28
0.81
0.88
0.64
0.71
0.74
0.21

PCO2 (Barrer)
79.6 (±6.02)
23.0 (±3.49)
25.4 (±2.47)
21.7 (±2.60)
22.8 (±4.50)
23.5 (±2.83)
15.3 (±1.10)
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α (CO2/N2)
34.9 (±1.96)
28.4 (±2.37)
29.0 (±1.73)
34.0 (±1.50)
32.0 (±2.20)
31.6 (±2.06)
74.3 (±27.2)

P1 proved better-performing in both CO2 permeability and selectivity than
P2 (79.6 vs 23.0 barrer), though the atomic structure of both functional groups
bear striking similarity to one another. Despite similar density measurements and
functionalized co-monomer incorporation, P1 exhibited a 3-fold increase in CO2
permeability as well as a slight increase in N2 permeability, culminating in an
overall increase in selectivity. This implies that the connectivity of oxygencontaining pendant groups contributes significantly to the overall CO2/N2
separations of the resultant membranes in that the ethylene glycol-type
functionality is more favorable than that of the epoxide-containing group.
P4 and P5 displayed similar CO2/N2 permeability-selectivity values (CO2
Permeability = 21.7 vs. 22.8 barrer; α = 34.0 vs. 32.0), with the results falling
largely within error of one another. Despite bearing the larger substituent, P4 did
not display a remarkable increase in permeability as would be expected,1 as
bulkier substituents typically frustrate chain packing, increasing the fractional free
volume (FFV) of a polymer film and artificially increasing the permeability. P4
would also be expected to have lower selectivity than P5, as an increase in free
volume typically leads to a decrease in selectivity.9 However, this was not the
case, as both films possessed nearly identical density values, implying a similar
level of chain-packing. These findings could also be attributed to the differences
in functionalized monomer incorporation, as P4 had only a 24% incorporation
compared to P5’s 53%. However, though our initial hypothesis was not supported
from a perspective of diffusivity, the same cannot necessarily be said for
solubility. As one would not expect imidazole and benzimidazole to exhibit any
drastic differences in CO2-philicity, these results are unsurprising.
The amidoxime-functionalized P7 displayed a marked increase in
selectivity compared to its predecessors P3 and P6. When converted from the
nitrile-functionalized P6, the CO2/N2 selectivity increased from 31.6 to 74.3. This
is consistent with literature evidence, as amidoximes have a well-documented
history of favorable interactions with CO2.27-30 With the drastic increase in
selectivity came a significant drop in CO2 permeability, however. Due to the
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atomic composition of the amidoxime functionality, there are multiple
opportunities for hydrogen bonding between polymer chains within the film,
leading to a decrease in free volume, a characteristic that is typically associated
with a decrease in permeability.
To further elucidate the behavior observed in the initial CO2/N2 permeation
results, the permeability data was broken into its base components: diffusivity
and solubility (Eqn. 2). This was done using the Daynes-Barrer time-lag
method,31-32 which utilizes the time needed for a film to reach steady-state
permeation (θ). Then, using the film thickness l, the diffusivity component D can
be calculated with Eqn. 5. After obtaining D, the solubility parameter S can be
found algebraically using the relationship illustrated in Eqn. 2. These values are
shown in Table 2.3.

Table 2.3. Calculated diffusivity and solubility parameters for P1-P7.
D x 108 (cm2s-1)
Polymer

S (cm3(STP)/cm3 atm)

N2

CO2

DCO2/DN2

N2

CO2

P1

16.6 (±5.41)

17.9 (±1.84)

1.19 (±0.35)

0.117 (±0.04)

3.36 (±0.50)

P2

8.23 (±1.80)

4.27 (±0.12)

0.55 (±0.14)

0.056 (±0.03)

4.11 (±0.50)

P3

3.16 (±0.36)

4.97 (±0.19)

1.58 (±0.12)

0.220 (±0.02)

4.14 (±0.27)

P4

1.90 (±0.22)

2.87 (±0.05)

1.50 (±0.16)

0.26 (±0.05)

5.73 (±1.56)

21.8 (±2.24)

P5

1.08 (±0.24)

2.58 (±0.51)

2.46 (±0.58)

0.53 (±0.15)

6.73 (±0.54)

13.8 (±3.44)

P6

3.61 (±0.82)

3.54 (±0.29)

1.05 (±0.32)

0.174 (±0.005)

5.34 (±0.09)

30.7 (±1.38)

P7

1.30 (±0.20)

2.06 (±0.17)

1.65 (±0.42)

0.133 (±0.03)

5.71(±0.85)

44.0 (±6.64)
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SCO2/SN2
31.4(±8.05)
56.0 (±16.2)
19.0 (±2.58)

Utilizing the Daynes-Barrer time-lag method, P1 was calculated to
possess greater D components for both N2 and CO2 than P2. Despite an
increase in the D parameter for both gases, the overall diffusivity selectivity of P1
proved greater than that of P2. The diffusivity selectivity of P2 is 0.55 x 10-8 cm2s1,

implying a greater diffusivity selectivity for N2 over CO2. This inverse diffusivity

selectivity is most likely the explanation behind P1’s much greater CO2
permeability in comparison to P2. This hypothesis is reinforced when examining
the solubility parameters for both membranes, where P2 appeared to have a
much greater affinity for CO2 than P1 with an approximate 10-fold increase in S
value. This increase in CO2-philicity, however, could not overcome the effect of
P2’s inverse diffusivity selectivity, resulting in an overall decrease in CO2/N2
separation performance compared to that of P1. From this aspect of the study, it
appears that the connectivity of a pendant group plays a vital role in its gas
separation performance of a polymer film, as the atomic composition of P1 and
P2 are extremely similar yet result in vastly different CO2 permeability values.
Further investigation of this behavior will be conducted through electronic
structure calculations performed by the Vogiatzis research group from the
University of Tennessee Chemistry department.
In the imidazole-functionalized VA-PNB series, the time-lag results do
indeed align with what is currently known about the effect increases in chain
frustration have on D and S components of their permeability.9-10 The bulkier P4
possesses higher D components for both gases, leading to an overall lower
diffusivity selectivity than P5. However, the opposite trend is seen for the S
parameter, where P5 has a lower solubility selectivity than P4. While the CO2 S
parameters are within error of each other, the lower solubility selectivity of P5
was due to the higher N2 S value. This behavior requires further elucidation, as
one would anticipate the interaction with both gases be similar to those of P4 due
to their identical hybridization and aromaticity. However, when both P4 and P5
are compared with their predecessor P3, it produces unexpected results. The
higher density of P3 implies that the polymer chains are more closely packed,
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meaning that a higher diffusivity selectivity should be expected. However, the D
parameters for both gases are higher than that of P4 or P5, leading to a lower
diffusivity selectivity. The aberrant results continue in the analysis of P3’s S
component. Since halogens are not known to interact strongly with CO 2,16 a low
S component was expected. While this was the case, with the S value of P3
being 4.74 compared to P4’s and P5’s values of 6.73 and 5.34, respectively, the
overall S selectivity was quite high, being within error of P4 and more than 50%
greater than P5. Despite the differences in the D and S values amongst the three
polymer membranes, it did little to affect the overall permeability-selectivity
behavior, as their values for each parameter were within error of one another
(Figure 1). However, the transformation from halogenated pendant group to that
of an imidazole derivative proved to drastically modulate the S values of the gas
separation membrane, providing a frame of reference for more intelligently
designed membrane materials in the future.
With regards to the series resulting in an amidoximated VA-PNB, S
selectivities for P7 were higher than P6, increasing from 30.7 to 44.0. This was
due to an increased CO2 S component as well as a slightly decreased N2 S
value, resulting in such a large selectivity increase. This is consistent with
chemical intuition, as amidoximes have been known to possess a high degree of
CO2-philicity due to their highly polar nature.30 The diffusivity selectivity of P6 and
P7 were within error of one another; however, the average value for P7 was
slightly higher. When compared to the starting material for both polymers, the
brominated P3, the solubility parameters of P6 and P7 for N2 were smaller and
those for CO2 were larger, resulting in significant increases in solubility
selectivity. When considering D values of both gases, those of P6 were within
error of those of P3, which is expected due to the relatively small steric bulk of
both substituents. However, the D values of P7 were smaller than those of its
predecessors, which was unexpected due to the larger size of an amidoxime
compared to bromine or nitrile. This would initially lead to the hypothesis that the
bulk of the amidoxime unit would frustrate chain packing and therefore increase
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the diffusivity component. However, amidoximes possess significant hydrogen
bonding capability, which can result in smaller distances between polymer
chains.27 This is likely the explanation for the decrease in D values for both gases
observed for P7 which simultaneously resulted in a slight overall increase in
diffusivity selectivity.
Despite differences in the D values of P3, P6, and P7, the parameter
responsible for the sharp increase in CO2/N2 selectivity is the CO2 S component.
From comparing S values across this membrane series, it is apparent that the
nitrile pendant group possesses a higher affinity for CO2 that that of bromine (P6
vs. P7). This trend is exacerbated when an amidoxime side chain is incorporated
(P7). Its high CO2 S value and S selectivity are consistent with previous literature
results showing high CO2-philicity of amidoximes.27-30 This portion of the study
provides additional evidence that appending CO2-philic side chains onto a
polymer backbone can drastically increase its gas separation performance as a
membrane.

2.8 Conclusions
This study is the first to our knowledge to systematically study the
perturbations of gas separation performance via exchanging CO2-philic
functionalities on a common polymer backbone. A series of VA-PNBs (P1-P7)
were synthesized by a combination of direct polymerization and postpolymerization modification, where a variety of CO2-philic pendant groups were
systematically appended to a common polymer backbone in order to observe
perturbations in CO2/N2 gas separation performance. It was initially hypothesized
that the inclusion of functionalities with a high CO2 interaction energy would
contribute to a higher CO2 solubility component and therefore increase the
solubility selectivity of the membrane. While this was true in the case of P7,
where the amidoxime group demonstrated a high solubility selectivity compared
to other membranes, there were deviations in the solubility parameters of
oxygen-containing membranes P1 and P2. Despite the initial hypothesis of
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similar CO/N2 separation performance due to their identical atomic composition,
the epoxide-containing P2 demonstrated higher solubility selectivity. However,
the ethylene glycol-containing P2 displayed a much greater diffusivity selectivity
than P1, which resulted in a nearly 3-fold increase in its overall CO2 permeability,
leading to the conclusion that the atomic connectivity significantly affects the
separation ability of a dense organic membrane. By studying the changes in
CO2/N2 separation performance that result from appending various side chains to
a common polymer backbone, we achieved the ability to pinpoint the parameters
responsible for such changes in performance. This knowledge has significant
implications for the future of membrane science, as it provides the beginnings of
a systematic baseline for a more intelligent design process for the next
generation of gas separation membranes.
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CHAPTER 3
Alkoxysilane-Substituted Polynorbornenes Reinforced with
Cellulose Nanocrystals
3.1 Previous Research with Poly(triethoxysilylnorbornene) (PTESN)
While poly(triethoxysilylnorbornene) (PTESN) has been thoroughly studied
from a synthetic and gas separation standpoint,14, 24, 33 there has only been
apreliminary study into the mechanical properties of this vinyl-added material.17
This study concluded that PTESN was an optically transparent, thermally robust
material that had advantageous mechanical integrity across a large service
window. These qualities made it an attractive starting point in potential
investigations into improving mechanical properties through the use of additives.

3.2 Introduction to Cellulose Nanocrystals (CNC) and Mechanical
Reinforcement
Cellulose nanocrystals have been studied at both the industrial and
academic level due to their ability to impart advantageous mechanical properties
to polymer matrices. Studies by Tang34 and Foster35 have shown reinforcement
in several types of polymers, particularly soy polymers and low-density
polyethylene (LDPE). CNCs are also of interest due to their ability to undergo
stimuli-responsive behavior.36-37 Additionally, CNCs are a versatile additive,
having the ability to be dispersed within a host polymer matrix via a variety of
techniques, such as solution-casting,38 templating,39 and melt-processing.40
This mechanical reinforcement typically takes the form of an increase in
the storage modulus of a material. The storage modulus, often denotated by E’,
is a measure of the elasticity of a material, or the tendency of a material to return
to its original position after application of stress.41 It is also known as the solidlike response of a material. As the storage modulus increases, the material has
an increased resistance to deformation, which is known as reinforcement. The
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incorporation of an additive into a polymer matrix to form a composite material is
one means to achieve reinforcement. In this study, CNCs were chosen as an
additive to be incorporated into a PTESN host matrix at various loadings in order
to investigate possible mechanical reinforcement over the neat material.

3.3 Fabrication of CNC-PTESN Composites
3.3a General Methods and Materials
The

catalysts

trans-[Ni(C6F5)2(SbPh3)2]

and

monomer

5-triethoxysilyl-2-

norbornene were synthesized according to literature procedures.17, 24 Ethyl acetate
(EtOAc) was dried over CaH2 and degassed via three freeze-pump-thaw cycles.
All polymerizations were conducted in a glovebox under air-free conditions unless
otherwise noted.

3.3b Synthesis of Poly(triethoxysilylnorbornene) (PTESN)
Polymerizations were conducted using a modified literature procedure.17, 24 In a
typical polymerization, the catalyst trans-[Ni(C6F5)2(SbPh3)2] (0.011 g, 10 μmol)
was added to a stirred solution of EtOAc (4 mL) and the monomer 5-triethoxysilyl2-norbornene (2.56 g, 10 mmol). The polymerization was stirred for 24 h, then
diluted with an additional EtOAc (6 mL) and precipitated into excess MeOH. The
resultant polymer was isolated via vacuum filtration and dried in vacuo to yield
PTESN (1.359 g, 53.1%).

3.3c Preparation of CNC-PTESN Composites
CNCs were dried by heating at 50 °C under vacuum for 12-24 h. PTESN (0.5 g)
was dissolved in toluene (10 mL) and pushed through 0.45 μm PTFE syringe filter
into a clean vial. The dried CNCs (1-20 wt%) were added to the polymer solution,
capped, and the resultant suspension stirred for 48 h. The suspension was then
deposited onto a leveled Teflon casting dish, covered with aluminum foil and the
solvent slowly evaporated for 5 days.
27

3.3d Dynamic Mechanical Analysis (DMA)
Dynamic mechanical analysis was conducted using a TA Instruments Q800 DMA
using a film tension clamp and a temperature ramp from room temperature to 400
°C at 0.1% strain, 1 Hz, and a heating rate of 5 °C/min.

3.3e Tensile Testing
Tensile tests were run on an Instron 5943 with a strain rate of 1 mm/min. The
sample dimension of the dogbone specimens were ca. 0.11 mm thick and 3.5 mm
wide with a gauge length of ca. 15.0 mm.

3.3f Scanning Electron Spectroscopy (SEM)
PTESN and all CNC-PTESN composite films were fractured by bending the films
to a 180° angle and gently pulling the two pieces apart. Films were placed on
aluminum SEM holders on double stick carbon tape and oriented into a beach
chair configuration and coated with 5 nm of iridium in a Leica Sputter Coater.
Images of the fractured surface were taken using a Zeiss Leo Gemini SEM Inlens detector.

3.3g Transmission Electron Microscopy (TEM)
The 20-CNC-PTESN composite film was mounted on an SEM holder with folded
single sided copper tape and coated with 5 nm of iridium using a Leica sputter
coater. The sample was flipped and the other side coated with another 5 nm of
iridium. The sample was then embedded in epoxy and cut into 125 nm sections
using a Diatome diamond knife on an RMC microtome with water at room
temperature. Sample was retrieved from the microtome using the perfect loop
method and a 300 mesh Peclo formvar coated lacey grid, which was then
imaged using a JOEL 2100 transmission electron microscope.
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3.3h Solid-state NMR
13C

and 29Si NMR spectroscopy using a Bruker III 600 MHz NMR was utilized to

analyze samples for a silyl ether reaction that may have taken place. Created
films were crymilled in a Spex Cryomill for three 3-min cycles with a 1 min rest in
between milling times. The 29Si spectra correspond to PTESN and 20-CNCPTESN. The 20-CNC-PTESN sample was chosen as it is the most likely to have
a split peak in the 29Si spectra indicating a possible hydrolysis or etherification
reaction. The PTESN samples were chosen as controls. The corresponding 13C
NMR were present to verify agreement with the

29Si

NMR and note deviations

from previous 13C NMR scans of the neat polymeric species.

3.4 Results and Discussion
The PTESN polymer used for this study was synthesized via vinyl-addition
polymerization according to a modified literature procedure,24 shown in Figure
3.1. CNCs were readily dispersed in toluene solutions of PTESN, a solvent that
typically fails to disperse unfunctionalized CNCs. The CNC-PTESN solutions
were then dispersed into leveled casting dishes and films were formed via slow
solvent evaporation. The resultant PTESN films showed auspicious optical
transparency and possessed no macroscopically visible clusters despite toluene
being a typically poor CNC dispersant.
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Cellulose nanocrystals

Filtered solution of PTESN
in 10-mL toluene

Stirring for 48 h

Figure 3.1. Synthesis and fabrication of CNC-PTESN composites.
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The absence of CNC aggregation within cast films was confirmed using
SEM in which no clusters of CNCs were visible. Interestingly, images of these
composite materials showed an evolution of morphology, as there are spikey
structures present in Figure 3.2 with increased CNC content. TEM imaging was
able to show some aggregated CNCs within the polymer matrix (Figure 3.3). It
should be noted, however, that TEM imaging of individual CNCs is rather difficult,
as the width of CNCs approach the resolution limit for TEM. As such, the vast
majority of the CNCs are likely well-dispersed within the polymer matrix.

PTESN

1% CNC

5% CNC

10% CNC

15% CNC

20% CNC

Figure 3.2. Fractured, cross-sectional SEM micrographs.
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Figure 3.3. TEM of 20% CNC-PTESN.

The substantial mechanical reinforcement achieved from this composite
material is evidenced by an increase in both Young’s modulus (710 MPa vs 970
MPa) and storage modulus at 25 °C (400 MPa vs 1200 MPa) (Figure 3.4) which
show that the polymer is reinforced. Full DMA traces can be seen in Figure A3
(See Appendix).
Based on these findings, several likely hypotheses were proposed in order
to better understand the good dispersion of the CNCs in toluene with simple
stirring. One possible explanation is simple hydrogen bonding between the
alkoxysilane moieties of the PTESN and the hydroxyl groups of the CNCs (Figure
3.5a). However, alkoxysilanes are subject to reactions with alcohols and
adventitious water to form silanol groups (Si-OH), which could also impart the
ability to hydrogen bond with CNCs (Figure 3.5b). Previous studies that worked in
similar conditions with monomeric species have found that residual moisture may
lead to possible siloxane linkages (Si-O-Si) (Figure 3.5c). While this occurrence
would not necessarily contribute to the dispersion of CNCs within the PTESN
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Figure 3.4. Young’s and storage modulus at room temperature for CNC-PTESN
composites.
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Figure 3.5. Proposed explanations for the observed dispersion of CNCs in
toluene.
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matrix, this siloxane crosslinking remained a consideration for possible interactions
that could take place. Finally, CNCs may form covalent bonds with the alkoxysilane
moieties of PTESN (Si-O-CNC), rendering the CNCs a crosslinker unto
themselves (Figure 3.5d).42 In order to better understand what was occurring
within the system chemically, solid-state 29Si and 13C NMR of the PTESN and 20CNC-PTESN were utilized, as shown in Figure 3.6. The single peak for the

29Si

NMR for both samples seems to show that there was not a detectable amount of
hydrolysis or etherification reactions occurring. This is further evidenced by the 13C
spectrum of the 20-CNC-PTESN, whose peaks do not deviate from previous
spectra of the neat polymer.
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13C

Figure 3.6. 29Si and 13C NMR of neat PTESN and 20-CNC-PTESN.
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3.5 Conclusion
We are therefore forced to conclude that there are either an undetectable
number of reactions occurring or there are strong physical or electronic interactions
leading to the positive effects we found i.e. good dispersion, reinforcement, and
thermal stability. Regardless, this report strongly suggests that there are favorable
interactions between the triethoxysilyl groups and unfunctionalized CNCs which
may lead to processing opportunities with similarly substituted derivatives utilizing
conventional processing techniques.
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Figure A1. 1H-NMR spectrum of monomer M1.
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Figure A2. 13C-NMR spectrum of monomer M1.
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Figure A3. 1H spectrum of monomer M2.
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Figure A4. 13C spectrum of monomer M2.
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Figure A5. 1H-NMR spectrum of monomer M3.
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Figure A6. 13C-NMR spectrum of monomer M3.
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Figure A7. 1H-NMR spectrum of polymer P1.
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Figure A8. 1H-NMR spectrum of polymer P2.
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Figure A9. 1H-NMR spectrum of polymer P3.
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Figure A10. 1H-NMR spectrum of polymer P4.
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Figure A11. 1H-NMR spectrum of polymer P5.
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Figure A12. 1H-NMR spectrum of polymer P6.
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Figure A13. GPC analysis of polymer P1.
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Figure A14. GPC analysis of polymer P2.
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Figure A15. GPC analysis for polymer P3.
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Figure A16. GPC analysis of polymer P4.
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Figure A17. GPC analysis of polymer P6.
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Figure A18. WAXS data for polymers P1-P7.
Table A1. Tabulated WAXS data for polymers P1-P7.
Polymer

q (Å-1)

d-spacing (Å)

P3

1.414

4.44

P4

1.405

4.47

P5

1.330

4.72

P6

1.350

4.65

P7

1.345

4.67
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Figure A19. FTIR overlay of P6 (orange) and P7 (pink) to demonstrate qualitative
conversion.
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Figure A20. Storage moduli (E’) of PTESN and CNC-PTESN composite films as
a function of temperature. Data was acquired by dynamic thermal mechanical
analysis and are representative of measurements made with at least three films.

Table A2. Storage moduli for various CNC-PTESN ratios with respect to
temperature.
Temperature
(°C)

Storage Modulus (MPa)
0% CNC

1% CNC

5% CNC

10% CNC

15% CNC

20% CNC

25

419 (±115)

338 (±123)

506 (±93)

895 (±291)

1110 (±285)

1233 (±182)

50

397 (±111)

327 (±139)

506 (±81)

874 (±263)

1056 (±255)

1060 (±235)

100

327 (±74)

295 (±143)

464 (±51)

822 (±175)

852 (±219)

925 (±179)

200

310 (±3)

206 (±89)

323 (±12)

565 (±87)

520 (±143)

613 (±95)

300

174 (±4)

123 (±44)

174 (±21)

228 (±40)

171 (±27)

198 (±34)
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Table A3. Tensile data for CNC-PTESN nanocomposites.
CNC
Content
(%)
0
1
5
10
15
20

Young’s
Modulus (MPa)

Maximum Tensile
Stress (MPa)

Strain at Break (%)

706 (±57)
684 (±69)
722 (±118)
843 (±67)
817 (±72)
973 (±80)

12.9 (±2.7)
15.3 (±3.9)
12.0 (±0.71)
12.8 (±1.1)
9.8 (±1.5)
11.8 (±1.3)

2.50 (±0.60)
3,46 (±1.50)
2.10 (±0.40)
1.87 (±0.20)
1.56 (±0.20)
1.45 (±0.20)
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